Rosiglitazone has the potential to activate peroxisome proliferator-activated receptor-γ (PPARγ), which in turn can affect bone formation and resorption. However, the mechanisms by which rosiglitazone regulates osteoclastic or osteoblastic differentiation are not fully understood. This study examines how rosiglitazone affects osteoclast formation, bone resorption and osteoblast differentiation from mouse bone marrow. Rosiglitazone treatment not only inhibited the formation of tartrate-resistant acid phosphatase-positive cells, but also prevented pit formation by bone marrow cells in a dose-and time-dependent manner. Rosiglitazone also suppressed the receptor activator of nuclear factor (NF)-κB ligand (RANKL) receptor (RANK) expression but increased PPARγ2 expression in the cells. In addition, rosiglitazone diminished RANKLinduced activation of NF-κB-DNA binding by blocking IκBα phosphorylation. Furthermore, it reduced collagen and osteocalcin levels to nearly zero and prevented mRNA expression of osteoblast-specific proteins including runtrelated transcription factor-2, osteocalcin, and type I collagen. However, mRNA levels of adipocyte-specific marker, aP2, were markedly increased in the cells co-incubated with rosiglitazone. These results suggest that PPARγ activation by rosiglitazone inhibits osteoblast differentiation with increased adipogenesis in bone marrow cells and also may prevent osteoclast formation and bone resorption in the cells.
INTRODUCTION
Bone requires constant remodeling via a balanced activation of osteoclasts and osteoblasts (Rho et al., 2004) . Osteoclasts arise from hematopoietic precursor cells of the monocyte/ macrophage lineage, while osteoblasts are of mesenchymal lineage (Del Fattore et al., 2010) . Abnormal activation of osteoclasts and/or reduced osteoblastogenesis disrupts bone homeostasis and eventually causes diseases such as osteoporosis, arthritis, and bone cancer (Rachner et al., 2011; Sturge et al., 2011) . Increased bone marrow adipose tissue and subsequent decrease of osteoblastic differentiation from marrow progenitors may be related to bone loss caused by aging (Rahman et al., 2011) .
Peroxisome proliferator-activated receptor-γ (PPARγ) is a member of the nuclear receptor superfamily of transcription factors and exists in two isoforms, PPARγ1 and PPARγ2. The PPARγ1 isoform is expressed in many cell types, including adipocytes, osteoblasts, muscle cells, and macrophages, whereas PPARγ2 expression is restricted primarily to adipose cells and is critical for fat development (Sugii and Evans, 2011) . This suggests that activation of PPARγ is the most important event required for adipogenic differentiation (Kawai and Rosen, 2010) . Up-regulation of PPARγ expression in myoblasts induced transdifferentiation of these cells into adipocytes (Kook et al., 2006) . A prolonged and persistent activation of PPARγ leads to skewed adipogenesis activation and eventually causes bone loss due to decreased osteoblast and increased osteoclast differentiation from their progenitor cells (Lecka-Czernik, 2009; .
The thiazolidinedione (TZD) class of anti-diabetic agents consists of well-known PPARγ agonists and stimulates adipogenic differentiation of cells through binding to and activation of PPARγ. Numerous studies have shown that TZDs promote adipogenesis and also inhibit osteogenic differentiation in vitro and in vivo (Okazaki et al., 1999; Schwartz, 2008) . Specifically, many investigators have researched the role of rosiglitazone, a TZD, on bone metabolism because the agent is commonly used for the treatment of type 2 diabetes as a new class of oral anti-diabetic compounds. Based on previous reports, rosiglitazone is capable of reducing bone mass and strength, which is believed to be derived from the alteration of the phenotype of marrow mesenchymal stem cells (Lazarenko et al., 2007) . Rosiglitazone acts as a dominant inhibitor of osteoblastogenesis by activating PPARγ2 in murine bone marrow cells (Ali et al., 2005) . Oral administration of this agent also decreases the expression of osteoblastic-specific genes but increases the expression of adipocyte-specific fatty acid binding protein (aP2). These findings suggest that rosiglitazone therapy may pose a significant risk of adverse skeletal effects. Moreover, bone loss by PPARγ activation supports the theory that increased production of oxidized fatty acids with age may be an important mechanism for age-related osteoporosis in humans (Ali et al., 2005; Lazarenko et al., 2007) .
Accumulated evidence suggests that the activation of osteoclastogenesis is also one of the main mechanisms by which PPARγ activation stimulates the loss of bone mass. Wan et al. (2007) reported that PPARγ activation exacerbated osteoclastic differentiation from hematopoietic stem cells. Loss of PPARγ function in mouse hematopoietic lineages caused osteopetrosis accompanied by osteoclast defects. PPARγ also appears to function as a direct regulator of c-fos expression, an essential mediator of osteoclastogenesis in mice (Wan et al., 2007) . Thus, administration of TZDs might lead to bone loss by inhibiting bone formation, as well as by sustaining or increasing bone resorption. However, the roles of rosiglitazone on osteoclast formation and bone resorption are not fully understood. In addition, a different study found that rosiglitazone prevents inflammatory periodontal bone loss by inhibiting osteoclastogenesis in rat and mouse monocyte/macrophage cell line MOCP-5 cells (Hassumi et al., 2009) . Furthermore, ciglitazone, another TZD class of PPARγ activators, inhibits the formation of human peripheral blood mononuclear cell (PMBC)-derived osteoclasts in a dose-dependent manner (Chan et al., 2007) .
Therefore, the main purpose of this study was to explore how PPARγ activation by rosiglitazone affects osteoclastogenesis and osteoblastogenesis from bone marrow progenitors. To this end, the effects of rosiglitazone on osteoclast formation and bone resorption were examined using mouse bone marrow cells and RAW 264.7 cells. The effects of rosiglitazone on calcium and collagen accumulation and on the mRNA expression of osteoblast-specific proteins in the cells were also evaluated. This study demonstrates that PPARγ activation by rosiglitazone inhibits in vitro osteoclast formation and bone resorption as well as osteoblastic differentiation.
MATERIALS AND METHODS
Mice, chemicals, and laboratory wares Six-week old male BALB/c mice were purchased from Orient Co. (Korea). Rosiglitazone (Cat. 5533) was a kind gift from GlaxoSmithkline (UK). Recombinant murine receptor activator of nuclear factor-kappaB (NF-κB) ligand (RANKL), tumor necrosis factor (TNF)-α, and macrophage-colony stimulating factor (M-CSF) were purchased from R & D Systems (USA). Antibodies specific for RANKL receptor (RANK), IκBα, p-IκBα, and α-tubulin were obtained from Santa Cruz Biotechnology (USA). Unless otherwise specified, additional chemicals were obtained from Sigma Chemical Co. (USA), and laboratory wares were from SPL Life Sciences (Korea).
Cell cultures
Bone marrow cells were obtained from 6-8 week-old BALB/c mice. Animal care and use practices were approved by the Chonbuk National University Committee on Ethics in the Care and Use of Laboratory Animals (CBU 2010-0007) . Mice were sacrificed by cervical dislocation, and the tibiae and femora were removed and washed several times with PBS with antibiotics. The ends of the bones were cut, and the marrow cavity was flushed with modified essential medium (MEM) supplemented with 10% fetal calf serum (FCS; Hyclone Laboratories, USA) and antibiotics. The bone marrow suspension was incubated in a 100-mm culture dish in the presence of 50 ng/ml M-CSF. After three days, adherent cells were collected using a scraper and then used as bone marrow macrophages to induce osteoclastic differentiation. A small amount of bone marrow suspension was also incubated in α-MEM containing 10% fetal bovine serum and antibiotics. After 48 h of incubation, nonadherent cells were removed and then adherent cells were subsequently cultured in the same media. When the cells reached 90% confluence in a 100-mm culture dish, they were dissociated using Trypsin/EDTA and speared onto various culture plates according to the experimental design. To induce osteoblastic differentiation, the cells were incubated in α-MEM supplemented with DAG (10 nM dexamethasone, 50 μM ascorbic acid, and 20 mM β-glycerophosphate). Media were changed every 3 days during the culture periods. In addition, the effect of rosiglitazone on osteoclast formation was explored using RAW 264.7 macrophage cells.
Osteoclastic differentiation and TRAP staining
The bone marrow cells were treated with various concentrations (0-10 μM) of rosiglitazone in the presence of 50 ng/ml M-CSF, 100 ng/ml RANKL and/or 10 ng/ml TNF-α to examine the effect of rosiglitazone on osteoclast formation in bone marrow cells. Culture media was replaced with fresh media on days 2 and 5 of co-incubation. After seven days of co-incubation, the control and experimental cultures were fixed in 4% PBSbuffered para-formaldehyde and stained with tartrate-resistant acid phosphatase (TRAP) using a Sigma Aldrich kit according to the manufacturer's instructions. TRAP-positive cells were counted using optic microscopy, and cells containing three or more nuclei were considered to be multinucleated osteoclastic cells (MNCs). In some experiments, RAW 264.7 cells were incubated in the presence of RANKL and/or rosiglitazone, and after seven days of incubation, the cells were processed for TRAP staining.
Bone resorption assay
Bone marrow cells (1 × 10 5 cells/ml) were suspended in α-MEM containing M-CSF, TNF-α, and/or RANKL and then divided across a 24-well plate coated with calcium-phosphate nano crystals (OAAS-24; Osteoclast Activity Assay Substrate, Oscotec Inc., Korea) at a density of 2 × 10 4 cells/cm 2 . Seven days after incubation, the cells were removed from the plates by treatment with 5% sodium hypochlorite, and pit formation was observed under an optic microscope. The resorbed area was also measured by image analyzer and expressed as percentage (%) of the control value.
Measurement of cell viability
Cell viability was determined using water-soluble tetrazolium salt (WST)-8 reagent. In brief, bone marrow suspension was incubated with various concentrations (0-50 μM) of rosiglitazone, and WST-8 reagent was added into the cultures after 48 h of incubation. After incubation for an additional 4 h, the WST-8-specific absorbance was measured at 450 nm using a microplate reader (Packard Instrument Co., USA).
RNA preparation and polymerase chain reaction (PCR)
Total RNA was extracted from the control and experimental cells at various times according to the manufacturer's instructions (SV Total RNA Isolation System, Promega, USA). Reverse transcription and PCR amplification were performed using an Access RT-PCR System (Promega) according to the manufacturer's protocol. The primer sequences were as follows: 5′-ggttatgta atgagcggcagca-3′ (forward) and 5′-ttctcacg gcactgtagatctgg-3′ (reverse) for RANK and 5′-gggtcagctctt gtgaatgg-3′ (forward) and 5′-ctgatgcactgcctatgagc-3′ (reverse) for PPARγ2. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a positive control and was amplified with the primers 5′-aacctgccaaatatgatgac-3′ (forward) and 5′-ataccaggaaa tgagcttga-3′ (reverse). PCR was performed for 30-35 cycles of 94°C for 30 s, 50-60°C for 30 s, and 72°C for 1 min in a DNA thermal cycler (model PTC-100, USA). PCR products were analyzed on 1.5-2% agarose gels and visualized using ethidium bromide staining. Band intensity was calculated using a gel imaging system (model F1-F2 Fuses type T2A, BIO-RAD, Italy).
Quantitative real-time PCR amplification was also performed with osteoblastic or adipogenic gene-specific primers using an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). The primer sequences used for runt-related transcription factor 2 (Runx2), osteocalcin, type I collagen, and aP2 are described elsewhere (Rzonca et al., 2004) . Relative expressions of these genes were obtained from relative standard curves run in triplicate after dividing each value by the value of β-actin.
Preparation of cell fractions
Whole lysates were prepared in a lysis buffer as described in Son et al. (2009) . Nuclear proteins were prepared as described in Maulik et al. (1998) , and protein concentrations were determined using the Bradford method (1976). To prepare cytosolic proteins, cells were incubated in 200 μl lysis buffer (250 mM sucrose, 20 mM Hepes, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM PMSF, and 10 μg/ml each of leupeptin, aprotinin, and pepstatin A) on ice for 30 min. Cell lysates were gently centrifuged at 750 × g for 10 min at 4°C, and the supernatants were further centrifuged at 10,000 × g for 25 min at 4°C. The final supernatants were used as cytosolic fractions.
Western blot analysis
Equal amounts of protein extracts were separated by 12-15% SDS-PAGE and blotted onto poly vinyl difluoride membranes. The blots were probed with primary antibodies overnight at 4°C prior to incubation with secondary antibody in a blocking buffer for 1 h. The blots were developed with enhanced chemiluminescence (Amersham Pharmacia Biotech Inc., UK) and exposed on X-ray film (Eastman-Kodak Co., USA).
Electrophoretic mobility shift assay (EMSA) DNA-protein binding reactions were performed for 30 min at room temperature, with 10-15 μg protein in 20 μl buffer containing 1 μg/ml BSA, 0.5 μg/μl poly (dI-dC), 5% glycerol, 1 mM DTT, 1 mM PMSF, 10 mM Tris-Cl (pH 7.5), 50 mM NaCl, 30,000 cpm of [α-32 P] dCTP-labeled oligonucleotides, and the Klenow fragment of DNA polymerase. The samples were separated on 6% polyacrylamide gels before the dried gels were exposed to X-ray film (Eastman Kodak Co.) for 12-24 h at -70°C. The oligonucleotide primer sequences specific for NF-κB have been described elsewhere (Lee et al., 2003) .
Measurement of collagen and osteocalcin
Collagen contents in the cells were determined by Sirius Redbased colorimetric assay. In brief, bone marrow cells were treated with various concentrations of rosiglitazone in the presence of DAG, and the medium was changed every two days. At ten days after treatment, cells were fixed with Bouin's fluid for 1 A B Fig. 1 . Rosiglitazone reduces the number of TRAP-positive cells in a dose-dependent manner. Bone marrow cells were exposed to the indicated concentrations of rosiglitazone in the presence of 50 ng/ml M-CSF and 100 ng/ml RANKL. The control and experimental bone marrow cells were subjected to TRAP staining (A), and the numbers of TRAP-positive cells (B) and TRAP-positive MNCs (C) were counted seven days after exposure. *P < 0.05 and ***P < 0.001 vs. the cells containing M-CSF and RANKL.
h and washed several times with distilled water. The culture plates were stored at room temperature for drying and then stained with Sirius Red dye reagent for 1 h. After washing twice with 10 mM HCl, the cells were treated with 100 mM NaOH, and absorbance was measured at 550 nm. In addition, osteocalcin contents in the cells were measured ten days after the same treatment using a sandwich ELISA assay kit (Biomedical Technologies Inc., USA). All the experiments were performed according to the manufacturer's instructions. The contents of collagen and osteocalcin were expressed as μg or ng per 10 6 cells. In addition, cells were stained with 40 mM alizarin red S (pH 4.2) after fixation with 70% ice-cold ethanol at 14 days after osteoblastic differentiation.
Statistical analysis
Unless otherwise indicated, all data are expressed as the mean ± standard deviation (S.D.) of three or more independent experiments. A one-way ANOVA was used for multiple comparisons using SPSS version 18.0 software. A p value < 0.05 was considered statistically significant.
RESULTS
Rosiglitazone inhibits osteoclast formation and bone resorption by bone marrow cells in a dose-dependent manner To verify the nature of rosiglitazone on osteoclast differentiation from bone marrow cells, the cells were cultured with various concentrations (0-10 μM) of rosiglitazone for seven days in the presence of 50 ng/ml M-CSF and 100 ng/ml RANKL. Figure 1A A B quantified from three independent experiments and expressed as % of the control value. ***P < 0.001 vs. the control values without rosiglitazone.
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shows the RANKL-mediated osteoclast differentiation and its suppression due to combined treatment with rosiglitazone. The number of TRAP-positive cells (Fig. 1B) and TRAP-positive MNCs (Fig. 1C) were reduced in a dose-dependent manner by rosiglitazone. When the cells were co-treated with 1 μM and 10 μM rosiglitazone, the number of TRAP-positive MNCs was diminished by 48.9% and 9.5%, respectively, compared to cells supplemented with M-CSF and RANKL. Rosiglitazone also prevented RANKL-mediated bone resorption, as measured by an in vitro model system ( Fig. 2A) . A significant inhibition of bone resorption occurred even when the cells were incubated in combination with 1 μM rosiglitazone (Fig. 2B) . The combined treatment with 10 μM rosiglitazone almost completely attenuated the pit formation by bone marrow cells.
Rosiglitazone prevents osteoclastogenesis in TNF-α-stimulated bone marrow cells and in RANKL-exposed RAW 264.7 cells Next, it was determined whether or not rosiglitazone suppresses osteoclastic differentiation induced by TNF-α-treated bone marrow cells. Of the 96 multiwell plates, there were 173 ± 26/well TRAP-positive MNCs at seven days after treatment with 10 ng/ml TNF-α. However, combined treatment with rosiglitazone reduced TNF-α-mediated MNC formation, and addition of 10 μM rosiglitazone resulted in almost complete inhibition (Fig.  3A) . Similarly, rosiglitazone treatment decreased bone resorption stimulated by TNF-α in bone marrow cells (Fig. 3B) . Rosiglitazone also significantly diminished osteoclast formation (Fig. 3A) as well as bone resorption (Fig. 3B) induced by RANKL-stimulated RAW 264.7 cells.
Inhibition of osteoclastogenesis by rosiglitazone depends on when the agent is added to the cultures after RANKL stimulation When rosiglitazone (10 μM) was added to the bone marrow cultures at time 0 and one day after the treatment with RANKL, a marked inhibition of the TRAP-positive MNC formation was observed compared to the control values (Fig. 4A) . However, Bone marrow cells were also exposed to various concentrations (0-10 μM) of rosiglitazone in the presence of M-CSF and RANKL, and seven days later, the resorbed area was Fig. 3 . Rosiglitazone inhibits osteoclast differentiation derived from TNF-α-treated bone marrow cells and from RANKL-stimulated RAW 264.7 cells. Bone marrow cells were incubated with the indicated doses of rosiglitazone in the presence of 50 ng/ml M-CSF and 10 ng/ml TNF-α. RAW 264.7 cells were also cultured in combination with 100 ng/ml RANKL and various concentrations of rosiglitazone. After seven days of coincubation, these cells were processed for TRAP staining (A) and pit formation assays (B). The results represent the mean ± S.D. from three independent experiments. ***P < 0.001 vs. the control cells without rosiglitazone. Fig. 4 . Rosiglitazone prevents osteoclast formation and bone resorption by bone marrow cells in a time-dependent manner. Rosiglitazone (10 μM) was added to M-CSF-treated bone marrow cultures on days 0, 1, 3, and 5 after stimulation with 100 ng/ml RANKL. Seven days after the stimulation, the cells were processed for analyses of TRAP-positive MNC formation (A) and pit formation (B). The resorbed area was also quantified from three independent experiments and expressed as % of the control value (C). **P < 0.01 and ***P < 0.001 vs. the control cells incubated with M-CSF and RANKL for seven days.
A B
A B C Fig. 5 . Combined treatment with rosiglitazone significantly diminishes the expression of RANK but increases PPARγ2 expression in RANKLstimulated bone marrow cells. Bone marrow cells were incubated in α-MEM containing 50 ng/ml M-CSF, 100 ng/ml RANKL, and/or 10 μM rosiglitazone for 48 h, and then the levels of RANK (A) and PPARγ2 at mRNA (C) and protein (B) levels were determined by RT-PCR and Western blot analyses. *P < 0.05 and ***P < 0.001 vs. M-CSF treatment alone. when rosiglitazone was added three days after RANKL stimulation, the formation of TRAP-positive MNCs was apparent, although not as prominent as in the case of RANKL treatment alone. There was no inhibitory effect of rosiglitazone on osteoclast formation when rosiglitazone was added to the cells five days after RANKL stimulation. Figure 4B shows the timedependent suppression of bone resorption by rosiglitazone, where the inhibition of RANKL-stimulated pit formation by rosiglitazone is inversely related to the time at which rosiglitazone was added into the cultures. In particular, the addition of 10 µM rosiglitazone at time 0 or one day after stimulation by RANKL led to almost complete abrogation of pit formation (Fig.  4C ).
Rosiglitazone inhibits RANKL-induced RANK expression but increases PPARγ2 expression in bone marrow cells
Subsequently, the effect of rosiglitazone on the expression of RANK at the mRNA and protein levels was investigated using bone marrow cells. As shown in Fig. 5A , the mRNA level of RANK was apparently increased by RANKL-stimulated cells, whereas the addition of 10 μM rosiglitazone appeared to attenuate RANK mRNA expression. Western blot data also revealed a RANKL-mediated RANK increase at the protein level and inhibition of RANKL-mediated RANK by co-treatment with rosiglitazone (Fig. 5B) . As expected, RANKL treatment alone did not change the PPARγ2 mRNA level in M-SCF-treated bone marrow cells, while incubating the cells with the combined media containing both RANKL and rosiglitazone markedly increased its mRNA level (Fig. 5C ).
Rosiglitazone inhibits NF-κB-DNA binding activation by blocking IκBα phosphorylation in RANKL-stimulated bone marrow cells The effects of rosiglitazone on NF-κB binding activity and IκB degradation were determined in RANKL-stimulated bone marrow cells. As expected, RANKL treatment increased the DNAbinding of NF-κB (Fig. 6A ). Combined treatment of cells with RANKL and rosiglitazone decreased RANKL-induced activation of NF-κB binding in a dose-dependent manner. Rosiglitazone also inhibited RANKL-stimulated phosphorylation of IκBα and its subsequent degradation in bone marrow cells (Fig. 6B ). The addition of 10 μM rosiglitazone completely inhibited both the degradation and activation of IκBα (Fig. 6C) . This inhibition by rosiglitazone was not related to reduction in cell viability because similar concentrations of the agent did not have a significantly toxic effect on the cells (Fig. 6D ).
Rosiglitazone inhibits osteoblastogenesis in bone marrow cells
The role of rosiglitazone on osteoblastic differentiation in bone marrow cells was further investigated. As shown in Fig. 7A , DAG treatment alone increased the collagen contents in the cells, whereas co-incubation with 10 μM rosiglitazone reduced collagen to basal level (Fig. 7A) . Similarly, osteocalcin levels increased in DAG-treated bone marrow cells but decreased dramatically in cells subjected to a combination of DAG treatment and rosiglitazone (Fig. 7B) . These results were supported by the results obtained from alizarin red S staining where the DAG-mediated mineralization was suppressed by rosiglitazone in a dose-dependent manner ( Supplementary Fig. 1 ). When the mRNA levels of several osteoblast-specific proteins were determined by real-time RT-PCR, rosiglitazone almost completely prevented the DAG-mediated increases in the levels of Runx2, osteocalcin, and type I collagen mRNAs (Fig. 8) . However, mRNA levels of the adipocyte-specific marker aP2 were markedly increased in a dose-dependent manner in cells coincubated with rosiglitazone.
DISCUSSION
Rosiglitazone, a PPARγ agonist and anti-diabetic agent, is known to affect bone metabolism. However, there are conflicting findings regarding how this agent affects bone loss, and it appears to both inhibit and stimulate osteoclastogenesis depending on experimental conditions. Rosiglitazone has great potential as a clinical treatment for type 2 diabetic patients, so understanding its exact role in bone metabolism is important. The present study demonstrated that rosiglitazone not only inhibits osteoclast formation and bone resorption, but also pre-A B C D Fig. 6 . Rosiglitazone suppresses NF-κB-DNA binding and IκBα phosphorylation in RANKL-stimulated bone marrow cells. Bone marrow cells suspended in α-MEM containing 50 ng/ml M-CSF were spread onto 6-well plates, then exposed to increasing concentrations (0-10 μM) of rosiglitazone in the presence of 100 ng/ml RANKL for 48 h. Bone marrow cells were also incubated with increasing concentrations (0-50 μM) of rosiglitazone for 48 h and then processed for WST-8 assay. *P < 0.05 and ***P < 0.001 vs. the control cells without M-CSF and RANKL. vents osteoblastogenesis in mouse bone marrow cells. Accumulated evidence suggests that rosiglitazone accelerates osteoclast formation and bone resorption, indicating its in vivo association with bone loss (Gruntmanis et al., 2010; Harsløf et al., 2011) . These findings are not consistent with results from the present study showing that rosiglitazone suppressed osteoclastogenesis in a dose-dependent manner. Wan et al. (2007) examined TieCre/flox mutant mice in which PPARγ was deleted in osteoclasts but not in osteoblasts and observed impaired osteoclast differentiation and bone resorption, resulting in osteopetrosis and extramedullary hematopoiesis in the spleen. Function was restored by ligand activation of PPARγ-facilitated osteoclast formation and bone resorption in a receptor-dependent manner. Thus, it is possible that prolonged usage of rosiglitazone may result in decreased bone formation and increased bone resorption in patients with type 2 diabetes (Wan, 2010) .
Other studies have demonstrated the inhibitory effects of TZDs such as rosiglitazone, troglitazone, and ciglitazone, on A B Fig. 7 . Rosiglitazone treatment decreases the contents of collagen and osteocalcin in DAG-treated bone marrow cells. Bone marrow suspension was incubated in the presence of DAG with and without the indicated concentrations (0-10 µM) of rosiglitazone, and cellular levels of collagen (A) and osteocalcin (B) were determined after ten days of incubation. *P < 0.05 and ***P < 0.001 vs. the control cells without rosiglitazone and DAG.
### P < 0.001 vs. DAG treatment only.
osteoclastogenesis. Okazaki et al. (1999) revealed that troglitazone inhibits osteoclast-like cell formation and bone resorption in mouse bone marrow cells. Ciglitazone also inhibited the formation of osteoclasts from PBMCs stimulated with RANKL and M-CSF (Chan et al., 2007) . Similar to the results of this study, rosiglitazone not only inhibited the formation of TRAPpositive cells, but also attenuated the levels of TRAP mRNA and RANK protein that were increased after RANKL stimulation in mouse monocyte/macrophage cell line (Hassumi et al., 2009 ). Koufany et al. (2008) also reported that TZDs such as rosiglitazone and pioglitazone prevent bone resorption rather than cartilage changes in experimental polyarthritis by acting as antiinflammatory mediators. Although the mechanisms by which rosiglitazone inhibits osteoclastogenesis are still unclear, one possibility is that the inhibition of osteoclast formation and bone resorption by rosiglitazone are associated in part with its potential to inhibit cytokine production. This is because PPARγ agonists are capable of preventing the production of osteoclastogenic-stimulating cytokines including interleukin-1 and TNF-α (Jiang et al., 1998) . The present study also showed that treatment of rosiglitazone inhibits osteoclast induction and pit formation induced by TNF-α in bone marrow cells. Another possibility is that rosiglitazone inhibits the differentiation of hematopoietic precursors into macrophage lineages, resulting in increased adipogenic differentiation (Lazarenko et al., 2007) . This is partly supported by previous findings showing that PPARγ activation by TZDs leads to the facilitation of adipogenesis with the attendant reduction of osteoblastic differentiation from marrow progenitors. It is also important to note that osteoblasts play critical roles in the activation of osteoclast differentiation and bone resorption (Neve et al., 2011) . However, more detailed experiments are required to explore these possibilities and to understand the roles of rosiglitazone in the process of early differentiation of marrow progenitors. This study also shows the inhibitory effects of rosiglitazone on osteoblastogenesis in bone marrow cells, as evidenced by the decreases in collagen and osteocalcin contents after treatment with rosiglitazone. In parallel with this result, rosiglitazone treatment decreased osteoblastogenesis in human mesenchymal stem cells (Benvenuti et al., 2007) . Administration of rosiglitazone also causes bone loss in mice by suppressing osteoblast differentiation and bone formation (Ali et al., 2005) . These effects of rosiglitazone are believed to be closely related Fig. 8 . Combined treatment with rosiglitazone dramatically attenuates the expression of osteoblast-specific proteins but increases aP2 mRNA levels in DAG-treated bone marrow cells. Bone marrow suspension was incubated in DAG-contained medium with and without the increasing rosiglitazone concentrations (0-10 µM), and the mRNA levels of Runx2, osteocalcin, type I collagen, and aP2 were determined by real-time RT-PCR after ten days of incubation. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. DAG treatment only.
to the increase in marrow adipocytes with the attendant induction of adipogenesis in bone marrows (Nishimura et al., 2007) . In other words, these results suggest that the inhibition of bone formation by rosiglitazone is due, at least in part, to the decreased differentiation of osteoblasts from bone marrow progenitors. Rosiglitazone does not affect osteoblast life span, whereas it diverts bipotential mesenchymal progenitors from the osteoblast to the adipocyte lineage and also suppresses the differentiation of monopotential osteoblast progenitors (Ali et al., 2005; Lecka-Czernik et al., 2002) . There is also a report showing that PPARγ haploinsufficiency in mice caused an increase in bone mass with increased osteoblastogenesis and decreased adipogenesis from marrow-derived mesenchymal stem cells (Akune et al., 2004) . In addition to ciglitazone, a PPARγ activator, 15-deoxy-Δ 12,14 -prostaglandin-J2, inhibited the expression of osteocalcin in primary osteoblasts, which was significantly suppressed by treating the cells with a PPARγ antagonist, GW9662 (Lin et al., 2007) . These findings strongly suggest that PPARγ suppresses osteoblast differentiation and induces adipogenic differentiation under normal physiological circumstances. Of course, the common origin of adipocytes and osteoblasts contributes to reciprocal alterations in a number of these cells, but rosiglitazone may suppress the differentiation of monopotential osteoblast progenitors.
The current study supports the idea that inhibitory effects of rosiglitazone on osteoblastogenesis are related to increased expressions of PPARγ2 and aP2. This study also emphasizes the involvement of reduced mRNA expression of osteoblastspecific proteins, including Runx2, osteocalcin, and type I collagen. Runx2 is the main transcription factor required for osteoblastogenesis (Baek and Kim, 2011; Marie, 2008) . Data from this study together with data from previous studies (Ali et al., 2005; Benvenuti et al., 2007; Lecka-Czernik et al., 1999) indicate that inhibition of Runx2 by rosiglitazone may be critical to understanding how rosiglitazone strongly prevents osteobla-stogenesis in bone marrow cultures. Additional research is needed to determine whether or not there is a direct relationship between Runx2 induction and adipogenesis.
As such, our present findings demonstrate that rosiglitazone treatment in the presence of RANKL or TNF-α prevents osteoclast differentiation and bone resorption derived from M-CSF-stimulated mouse bone marrow cells, which suggests that rosiglitazone plays a role in bone loss. Interestingly however, rosiglitazone also prevents osteoblast differentiation, as demonstrated by the dose-dependent reductions of osteoblast-specific factors at the mRNA and protein levels after treatment with the agent. Considering the dual effects of rosiglitazone, it is still unclear exactly how the agent affects bone growth. Interestingly, rosiglitazone has been shown to strongly inhibit osteoblastic differentiation of bone marrow progenitors but not calvariaderived osteoblasts (Ali et al., 2005) . This indicates that rosiglitazone might affect the early, rather than late, stages of differentiation from marrow progenitor cells. There are also many reports showing that TZDs exert anti-inflammatory effects through inhibition of NF-αB activation (Hisada et al., 2005; Ohga et al., 2007; Sung et al., 2006; Wan et al., 2008) . The present study also indicates that rosiglitazone is able to suppress NF-κB-DNA binding activation. Many types of proinflammatory cytokines are involved in the stimulation of osteoclastic differentiation, and PPARγ agonists attenuate cytokine production (Ohga et al., 2007; Sung et al., 2006) . In addition, it is likely that the in vitro effects of rosiglitazone on osteoclastogenesis are not consistent with those in in vivo conditions. Therefore, it appears that rosiglitazone-mediated inhibition of osteoclast differentiation in vitro is at least in part associated with its anti-inflammatory potential.
In summary, osteoblasts are more critical for regulating bone metabolism and maintaining bone mass than osteoclasts. This is because osteoblasts are capable of differentiating into bone cells as well as affecting the differentiation of progenitor cells into osteoclasts or adipocytes, although osteoclasts also participate in the induction of osteoblasts. Moreover, the blockage of osteoblast-specific transcription factors can have a major impact on the loss of bone mass prior to an influence by osteoclasts. Consequently, long-term administration of rosiglitazone might result in a skewed differentiation of marrow progenitor cells into adipocytes via PPARγ activation, which leads to the in vivo suppression of osteoblastic differentiation with subsequent bone loss. These processes are unlikely to be affected by a direct impact of rosiglitazone on osteoclastic differentiation.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
